A deletion that includes the bgZ (p-gl ucoside utilization) operon of Escherichia coli was originally detected in several rarely occurring natural isolates that utilize cellobiose. Here I show that bgl deletions are present in 95% of the Gel+ isolates obtained from diverse sources. They are also present in 29% of the Gel-strains in two different collections of natural isolates of E. coli. At least three versions of bgl deletions are present in E. coli populations. In the most common version -8 kb of DNA around the bgl region of E. coli K12 is replaced by a specific 6.5-kb DNA fragment. In another version a deletion of similar length is not replaced by the same sequence. A third version involves deletion of -14 kb without the replacement fragment being present. The distribution of these deletions suggests that the version 1 deletion occurred very early in the history of E coli. It also appears likely that there is selection for bgZ deletions in Gel+ strains of E. coli. The presence of the version I deletion within distantly related phylogenetic groups of E. coli provides evidence for recombination within natural populations of E coli.
Introduction
Genes for the utilization of P-glucoside sugars are cryptic in most natural isolates of Escherichia coli (Hall and Betts 1987; Hall and Faunce 1987) . Two different operons for P-glucoside utilization have been studied in E. coli K12: the bgl operon, which, when activated, permits utilization of the P-glucoside sugars arbutin and salicin (Schaefler 1967; Prasad and Schaefler 1974; Reynolds et al. 198 l) , and the ccl operon, which, when activated, permits utilization of arbutin, salicin, and cellobiose (Kricker and Hall 1984, 1987; Hall et al. 1986) . At the molecular level, interest in these genes . is focused on the structure of the genes, with especial attention to the mechanisms by which the genes are activated (Reynolds et al. 198 1, 1985; Mahadeven et al. 1987 ), while at the population level interest has focused on the basis for the retention of these genes in the face of mutational pressure that is expected to lead to eventual irreversible inactivation (Hall et al. 1983 (Hall et al. , 1986 . Recent studies of natural populations have shown that many strains have silent genes for P-glucoside utilization, which, when activated by spontaneous mutations selected in the laboratory, do not specify mRNA corresponding to either the bgl or ccl operons of E. coli K12 (Hall and Betts 1987) . It was concluded that the E. coli population carries at least four sets of genes for P-glucoside catabolism and that in any one isolate, on average, two sets will be cryptic while the other two sets will have been permanently inactivated by accumulation of mutations (Hall and Betts 1987) . A recent deliberate search for natural E. coli isolates with active genes for cellobiose utilization showed that Gel+ isolates are rare, averaging -0.3% of the populations examined (Hall and Faunce 1987) . Nine of those Gel+ isolates were examined at the molecular level to determine whether they were expressing either of the known operons from E. coli K12 during growth on cellobiose. In none of the cases was a known pglucoside operon being expressed, as judged by detection of either bgl or ccl mRNA. As a control, to show that mRNA would have been detected by the probes used if it were present, the DNA from those strains was also examined. In each case ccl operon DNA was readily detected, but DNA corresponding to the bgl operon was absent.
At that time we simply noted the curious correlation between a deletion of the bgl operon and the presence of active genes for cellobiose utilization (Hall and Faunce 1987) . I now consider whether the presence of the bgZ deletion in Gel+ strains is coincidental or whether there is some causal relation between the presence of an active Cel gene and the absence of bgZ DNA. Is the deletion limited to Gel+ strains, or does it have a wider distribution? Do all strains carry the same deletion, a finding that would suggest that there is a common ancestor for the deleted strains, or are many different deletions covering this region present in E. coli populations?
Material and Methods

Culture Media and Conditions
Cultures were grown at 37 C in L-broth (Miller 1972) or in phosphate-buffered mineral salts medium containing glucose and required nutritional supplements (Hall and Hart1 1974) .
Escherichia coli Strains
Three collections of natural isolates of E. coli were studied. They are the ECOR collection (Ochman and Selander 19843) , a portion of the Baboon collection from the Hart1 lab (Routman et al. 1985) , and a collection of Gel+ isolates from farm animals (Hall and Faunce 1987) .
In addition the following E. coZi K 12 strains were used: DB3 13 (HfrC, proC, metB, thi, reZM, bgZF-); LPlOO (F-, rpsL, trp, his, argG, metA or B, ara, Zeu, lacy, ZacZ A4680, bgl A201, ceZH AI 00); MKl (HfrC, spc, amp, ZacZ A W4680, bgZR+, ebgA Al 011).
Plasmids pAR6 (Reynolds et al. 1986 ) contains the wild-type bgZ operon of E. coli K12 cloned as a 12-kb EcoRI fragment inserted into the EcoRI site of plasmid pBR322.
pEG5005 (Groisman and Casadaban 1986 ) is a vector carrying the mini-Mu derivative Mud5005, which is used for in vivo cloning.
Molecular Techniques
Methods for the preparation of genomic DNA, isolation and labeling of DNA fragments used as probes, and DNA-DNA hybridization have been described elsewhere (Hall et al. 1986; Hall and Betts 1987) .
In Vivo Cloning
The mini-Mu derivative Mud5005 was used according to a method described by Groisman and Casadaban (1986) . included Mini-mu phage particles carrying random fragments of the DB3 13 genome. Mud5005 also carries a kanamycin-resistance gene, so that infection of the Abgl strain LPlOO and selection on medium containing kanamycin resulted in a library of colonies carrying fragments of the DB313 genome as mini-mu plasmids. The kan' colonies were lifted with nylon hybridization membranes and probed with fragment D of figure 1. Those colonies that hybridized with fragment D were subsequently probed with fragment E. Plasmid DNA was prepared from colonies that hybridized to fragment D but not to fragment E. The restriction map of one such plasmid, designated pUF708 and carrying 8.7 kb of insert DNA, is shown in figure 2A . The EcoRI-Hind111 fragment designated "C" hybridized to probe C from figure 1, while the Hind111 fragment marked "D" hybridized to probe D. Plasmid pUF708 thus carries 6.1 kb of DNA that lies to the left of the previously cloned bgl operon region of E. coli K 12. The composite map of the region ( fig. 2B ) was generated by digesting genomic DNA of E. coli K12 with appropriate enzymes and probing with a variety of fragments from pUF708 and pAR6 that are designated fragments A-E in figure 2B .
Genomic DNA from the strains used in figure 1 was probed with the fragments A-E of figure 2B. In each case the left end of the bgl deletion lay within fragment A, while the right end lay within fragment E.
Distribution of the bgZ Deletion within the E. coli Population Culture dot blots of E. coli K 12 and of 160 natural E. coli isolates in our collection were probed with fragment D from figure 2B. Table 1 shows the results of this survey.
There is a striking correlation between the ability to grow on cellobiose and deletion of the bgl operon. Of 41 Gel+ strains only two, strains GD48 and GD54, did not carry the bgl deletion. Both strains were rechecked, and it was confirmed that both grew well on cellobiose.
The bgl deletion is very common: 46% of the 160 natural isolates studied carry the deletion. This is a biased distribution, however, since 4 1 of the isolates were chosen on the basis of being Gel+ and since 95% of the Gel+ strains carry the deletion. Among the 119 Gel-isolates, only 34 (29%) carry the bgl deletion. The deletion is widely distributed both in terms of the original host organism and in terms of geography. Approximately 40% of the isolates from African yellow baboons carry the bgl deletion, and that frequency was the same among human-associated and non-human-associated baboons. Only 23% of the isolates from humans carry the deletion, and in isolates from other animal hosts (primarily zoo animals) the frequency of the bgl deletion was 12.5%. Geographically, the bgl deletion is present in isolates from Africa (the baboon collection), the United States, Indonesia, Sweden, and New Guinea (the ECOR collection).
Given the strong correlation between the ability to utilize cellobiose and the presence of the bgl deletion, it is reasonable to ask how the presence of the deletion correlates with the previously determined (Hall and Betts 1987; Hall and Faunce 1987) ability of 7 1 (60%) of the 119 Gel-isolates to mutate spontaneously to Gel+. Of the 33 Gel-strains deleted for bgZ, 18 (55%) were able to spontaneously mutate to Gel+. Similarly, only 24% of those strains that could mutate to Gel+ carried the bgl deletion, while 32% of those that were unable to mutate to Gel+ carried the deletion. These values are not very different from the overall frequency of the deletion among these Gel-isolates.
In E. coli IS1 2 salicin utilization is only known to arise via mutational activation of the bgl or ccl operon. Twenty-three of the isolates from the baboon collection were Gel-and could utilize salicin (Sal+). Of that number 12 carried the bgl deletion. Eleven of those 12 bgl-deletion strains could also utilize arbutin and therefore had exactly the phenotype expected for strains expressing the bgl operon. This supports our earlier suggestion that there are several different sets of operons present in the E. coli population that permits the utilization of P-glucosides (Hall and Betts 1987; Hall and Faunce 1987) . It also points out the risk associated with the assumption that a given phenotype implies the expression of a specific previously identified gene.
Variation in the bgl Deletion
Both to confirm the presence of the bgl deletion in those strains where it was detected and to determine whether all of those strains carried the same bgZ deletion, fresh culture dot blots were prepared from the bgl-deletion strains. The blots were probed with fragments A-E from the bgZ region ( fig. 2B ). With two exceptions, the strains were deleted for = 8 kb of DNA corresponding to fragments B-D but possessed at least parts of fragments A and E. Strains GD50 and GD55 were deleted for the entire = 14-kb region. To be sure that these exceptions were not artifactual, genomic DNA was prepared from the exceptional strains and hybridized to the same probes. In each case the initial conclusions were confirmed.
Although strains GD50 and GD55 met the biochemical criteria for being E. coli as determined using the Enterotube kit for identification of Enterobacteriaceae, it was possible that they were actually other species. To test this, DNA from these strains was hybridized under high-stringency conditions to a probe prepared from the ccl fig. 2 ; the stippled segment to the right of the replacement region hybridizes to fragment E. E = EcoRI; H = HindIII; V = EcoRV.
operon of E. cd. In both cases the probe hybridized to the DNA from these strains, indicating that they were indeed E. coli and that they carried an unusually large deletion of the region around the bgl operon.
These two exceptional isolates were both obtained from sheep on the University of Connecticut farm.
Replacement of the bgl Region in Some Deletion Strains
Although the vast majority of the bgl-deletion strains possessed deletions with endpoints in fragments A and E, those fragments are sufficiently large that there was no assurance that all of the deletions were identical or of common origin. The DNA from strain B59 was digested with EcoRI, PvuII, HpaI, and EcoRV, electrophoresed, blotted, and probed with fragments A and E ( fig. 2B ). It was anticipated that because the deletion had endpoints within these fragments there would be one band for each enzyme that would hybridize to both probes. Surprisingly, no common bands were detected with any digest. Analysis of the restriction patterns suggested that there was 34 kb of DNA that lay between the segments defined by the two probes.
To determine whether the bgl region had been replaced with another DNA segment, the region corresponding to fragments A and E was cloned from strain B59 by using mini-Mu according to the method described for construction of plasmid pUF708 above. Mini-mu lysates from strain B59 were used to infect a Mu-sensitive strain of Salmonella typhimurium, and kanamycin-resistant colonies were selected. Colony lifts were probed with fragment A, and those colonies that hybridized to fragment A were isolated and subsequently probed with fragment E. Plasmid pUF7 12 was obtained from a colony that hybridized to both fragments A and E. Figure 3 shows a map of pUF7 12 in which the region immediately to the left of the 8.5-kb replacement region hybridized to fragment A and the region immediately to the right hybridized to fragment E.
If all of the AbgZ strains with endpoints within fragments A and E are of common origin, then all should carry the replacement region. Culture dot blots from each of the AbgZ strains were probed with the 6.2-kb EcoRV-Hind111 fragment from within the replacement region (the single EcoRV fragment that contains the entire replacement region comigrates with an EcoRV fragment from the vector, making it difficult to Distribution of bgZ deletions in E. coli 465 isolate for use as a probe). Fifty of the Abgl strains listed in table 1 hybridized to the probe that was isolated from strain B59. The remaining 23 strains did not carry the replacement region. No effort has been made to determine whether those strains carry an alternative replacement region.
A phylogenetic tree of the strains of the ECOR collection has been constructed based on electrophoresis of 35 different enzymes (Selander et al. 1987) . All members of phylogenetic group D carry the AbgZ and the replacement region. ECOR strains 17 (group A) and 43 (group Bl) carry a Abgl but do not carry the replacement region and can therefore be presumed to be of an origin different from that of the Abgl present in group D strains. ECOR strains 42 (group Bl), 48 (group C), and 37 (group E) carry both the AbgZ and the replacement region. To be sure that the AbgZ and replacement present in these strains is the same as that present in the group D strains, I asked whether the replacement region was adjacent to fragment A. DNA from ECOR strains 17, 36, 37,42, 43, and 48 and from strains RM30 and E. coli K12 was digested with EcoRI, electrophoresed, and probed with fragment A. After exposure of the resulting autoradiograms, the probe was stripped from the filter and the filter was reprobed with the 6.2-kb EcoRV-Hind111 fragment of the replacement region. As had previously been observed with culture dot blots, fragment A hybridized to DNA from all strains, while the replacement-region fragment hybridized to all strains except ECOR 17, ECOR 43, and K12. In each case the replacement fragment hybridized to the same band as did fragment A, a result indicating that the two fragments are indeed adjacent.
Discussion
A bgl deletion was originally detected in a subset of Gel+ isolates from nature (Hall and Faunce 1987) . Screening our collection of 160 natural isolates for the presence or absence of the bgl operon leads to the following conclusions: 29% of typical (Ccl-) Escherichia coli and 95% of the rare Gel+ isolates carry a deletion of the bgl operon.
(2) A bgl deletion has arisen at least three times. (3) Approximately 70% of the isolates that are deleted for the bgl operon carry a replacement section of DNA in the region normally occupied by bgZ.
There are at least three versions of the AbgZ: version 1 is a deletion with endpoints in fragments A and E of figure 2B and with the replacement section that was cloned from strain B59; version 2 is a deletion with endpoints in fragments A and E but without that replacement; and version 3 is a deletion that eliminates all of fragments A-E and the replacement fragment. It is not known whether there is any replacement at all in versions 2 and 3. Screening of several of the ECOR isolates that carry version 1 indicates that the left end of the replacement is always adjacent to fragment A of figure 2B-and thus suggests that the common "version 1" AbgZ has a single origin.
The detection of a polymorphism that involves replacement of one segment of DNA with an alternative segment is unusual but not without precedent. Link and Reiner ( 1982, 1983) reported that only lo%-20% of E. coli can catabolize ribitol and D-arabitol and that the genes for ribitol and D-arabitol catabolism in E. coli C replace the genes for galactitol catabolism in E. coZi K12.
The observations that 30 of 119 typical (Gel-) E. coZi carry version 1 of the deletion, that it is widely distributed, and that it is present in all group D ECOR strains suggest that the version 1 deletion originated early in the history of E. coli. The version 1 bgl deletion is therefore an important polymorphism for distinguishing a subgroup of E. coli. 466 Hall The observation that there are three versions of the bgl deletion in the Gel+ population indicates that deletions have occurred in this region at least three times.
The observations that 95% of the Gel+ isolates of E. coli carry a deletion of the bgl operon, that three versions of the deletion are present in the minority Gel+ population, and that versions 1 and 2 are approximately equally frequent in this population suggest that there has been fairly strong selection against retention of the bgl operon in Gel+ E. coli. There is no obvious basis for this selection, since the bgZ operon is silent in most wild-type E. coli-and may be presumed to be silent in most Gel+ E. coli also. Elsewhere I have argued that cryptic operons such as bgl are retained in populations by occasional selection for mutants that express the operon (Hall et al. 1983) . If the active state of the bgl operon were to interfere with functioning of the genes for cellobiose catabolism, then the presence of the bgl operon would constitute a genetic burden on Gel+ strains.
Finally, the distribution of versions 1 and 2 of the bgl deletion indicates that recombination occurs at a significant rate within the E. coli population. On the basis of multilocus enzyme electrophoresis, Selander and his colleagues have argued strongly for a clonal structure of the E. coli population, a structure in which recombination contributes little to the observed genetic diversity (Selander and Levin 1980; Ochman and Selander 1984a; Selander et al. 1986 ). If there is little recombination, then deletionbearing strains should be more closely related to each other than they are to strains carrying the bgl region. This expectation is, in general, born out: the monophyletic group D strains (Selander et al. 1987 ) all carry the version 1 deletion. The version 1 deletion in which the bgl region is replaced with another specific DNA sequence is also found, however, in groups Bl, C, and E, the latter of which is most distantly related to group D. The simplest explanation for the presence of that particular arrangement in these groups is that it entered by recombination.
Given the high frequency (41%) of the version 2 deletion in the Gel+ strains, it is reasonable to believe that it may have arisen (once or multiple times) in Gel+ isolates. Its presence in four Gel-strains provides some additional evidence for active recombination in natural populations.
These results suggest that recombination may play a greater role in the diversity of E. coli populations than had previously been thought.
